Clemson University

TigerPrints
All Theses

Theses

5-2022

Analysis of the Self-heating Effect on Unfilled Poly(Methyl
Methacrylate) Due to Cyclic Behavior
Muhammed R. Kose
muhammk@clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
Part of the Other Mechanical Engineering Commons

Recommended Citation
Kose, Muhammed R., "Analysis of the Self-heating Effect on Unfilled Poly(Methyl Methacrylate) Due to
Cyclic Behavior" (2022). All Theses. 3812.
https://tigerprints.clemson.edu/all_theses/3812

This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for
inclusion in All Theses by an authorized administrator of TigerPrints. For more information, please contact
kokeefe@clemson.edu.

ANALYSIS OF THE SELF-HEATING EFFECT ON UNFILLED POLY(METHYL
METHACRYLATE) DUE TO CYCLIC BEHAVIOR

A Thesis
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Master of Science
Mechanical Engineering

by
Muhammed R. Kose
May 2022

Accepted by:
Dr. Garrett Pataky, Committee Chair
Dr. Irina Viktorova
Dr. Gang Li

i

Abstract
Poly(methyl methacrylate, (PMMA) has been implemented as part of the supporting structure in
complete hip and knee replacements since the 1950s. Known as bone cement while in the body, PMMA
is known to undergo compressive and tensile stresses that wear down the bio-compatible barrier and
cause pieces to come loose inside the human body. These pieces are then attacked by the body’s own
nervous system, leading to inflammation, and eventually necessitating replacement. It has been
documented that under cyclic loading PMMA can reach temperatures that start to degrade its tensile
capabilities. In this study the potential cause of self-heating was examined via ASTM D638 type I dog bone
samples. These specimens underwent cyclic tension-tension tests run on an Instron 8801 tensile tester at
varying frequencies for a total of 10,000 cycles each. Digital image correlation (DIC) was implemented to
analyze displacement of the gage section as well as to calculate strain. At the same time thermography
images were taken and then compared with DIC to ascertain whether localized strain would be an
indicator for any localized thermal activity. The same was done for a second set of tests where a stress
concentration, in the form of a 2.78 mm hole was introduced into the center of the dog bone sample.
The introduction of the hole in the specimen highlighted the role that stress concentrators have in self
heating. While there was little correlation for the non-holed specimens between concentrated areas of
strain and localized thermal activity, the holed specimens correlated extremely well between where the
strain had localized around the hole and the self-heating had similarly localized.
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1. Introduction
1.1 Problem Definition
In this study the response Poly (Methyl Methacrylate) (PMMA) exhibits when subjected to cyclic behavior
is studied at a number of different frequencies. Specifically, the effects of self-heating by PMMA while
under cyclic load are investigated.
PMMA is an important part of a standard hip and knee replacement in the U.S. In the form of bone cement,
it takes on the role of protecting the body from the metal hip by acting as a bio-compatible barrier [1]. It
also acts as a shock absorber when the body undergoes movement. While inside the body it undergoes
stresses that are cyclic in nature. After a number of years these stresses necessitate replacement [2]. This
comes from small pieces of bone cement that break off and are in turn attacked by the body causing
inflammation. The focus of this study is to determine if self-heating has any effect on these stresses and
if so to what degree does self-heating play a role. Self-heating is suspected to exacerbate the situation by
further weakening the bone cement and thus making it easier for stress to proliferate. The aim of this
study is to examine whether self-heating has this deleterious effect or not. Findings from this study can
support the understanding of replacement joint failure and the design of new fatigue-resistant
implementation methods.
In pursuit to meet that aim, a number of research objectives have been laid out. The first was to measure
self-heating and strain during cyclic experiments at various frequencies. This was accomplished through
fatigue testing on an Instron Model 8801. The second objective was to take the strain and thermal data
obtained during the cyclic loading and determine if there was a correlation between strain concentrations
1

and the magnitude of self-heating observed. The final objective, in conjunction with collaborators, was to
develop a model that can predict heat generation behavior in polymers. In this work, creep experiments
were performed to calibrate the model for PMMA behavior at elevated temperatures.

1.2 Literature Review
1.2.1 PMMA
PMMA is a colorless, odorless, synthetic polymer, formed using the monomer methyl methacrylate as
illustrated in Figure 1. It is an amorphous thermoplastic, which means that its structure does not have any
crystalline features. It is made up of a network of repeating polymer chains of C 5O2H8 which makes it a
homopolymer [3]. In most applications PMMA is a transparent thermoplastic that exhibits the properties
of high impact strength (6.55 kJ/m2), light weight (1.18 g/cm3), shatter-resistance, weather resistance, and
scratch resistance [4]. It is also resistant to most laboratory chemicals and has a glass transition
temperature in the range of 100 oC to 130 oC [4]. It is known to operate in temperatures as high as 100 oC
and as low as -70 oC [4].

Figure 1: Chemical formula of PMMA
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PMMA, which is most recognizable as plexiglass, has a number of applications in a variety of different
industries. In the automotive sector, PMMA is used for, bumpers, headlights, taillights, windshields, and
windows in high performance, lightweight applications [4]. It is also used in the aviation and maritime
sectors as windows and windscreens [4]. In the dental sector it’s used for dentures, crowns, and retainers.
Finally in the motivation for this study, PMMA’s use in orthopedic surgery as bone cement. PMMA has
been used as bone cement in hip and joint replacements for more than 60 years [5] and cemented joint
replacement is becoming the norm.
1.2.2 Self-Heating Phenomenon
Self-heating is characterized by the generation of heat in an item due to internal phenomenon, whether
that be mechanically or chemically induced [6]. The focus of this study will be on mechanical self-heating.
In cyclically loaded polymers, self-heating caused by internal friction on the molecular level relies on
mechanical energy dissipation as a byproduct of phase lag between stress and strain in a cyclically loaded
material [7]. This results in hysteresis loop and the area in the loop could be used to estimate the amount
that a polymer will self-heat as demonstrated in Katunin et al [7]. After a certain magnitude of
temperature rise, dependent on the material involved, this buildup of heat can cause structural
degradation.
There appears to be a balancing point related to frequency of cyclic loading. Before the self-heating effect
dominates, polymers have been found to have increased fatigue life due to the cyclic loading. Zhou and
Mallick [8] observed that for talc filled poly propylene and polyamide 6.6 the fatigue life increased.
Specifically for polyamide 6.6 fatigue life increased by four times when increasing frequency from 0.5 to
2.0Hz. Above 2.0Hz resulted in degradation of fatigue life. This is negated once self-heating plays a
dominant role [9]. Essentially this is to say that under a certain frequency cyclic loading has the effect of
strengthening the PMMA. Self-heating in an unfilled polymer, which is a polymer that has no additives
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such as strengtheners, can have two effects. In the first case the amount of cyclic loading incurred is not
enough to allow for domination of the self-heating effect. Instead, the unfilled polymer’s yield strength is
increased via work-hardening. In the other case, like the first, self-heating takes place but now a threshold
is reached. This threshold is the point at which the polymer is no longer able to adequately radiate the
heat outward fast enough to allow for strengthening of the polymer. This results in the domination of selfheating and the structural degradation of the polymer.
Self-heating results from activity at the atomic level taking place within the polymer. In PMMA the
repeating chains of C5O2H8 are held together by carbon-carbon bonds and are connected to each other
via Van Der Waals secondary bonding [10]. This secondary bonding is the controlling factor in melting
temperature. Failure, under cyclic load, starts to occur when the chains that make up the actual polymer
start to break. The bonds break due to carbon-carbon bond failure which leads to voids in the material.
These voids, when loaded and unloaded form microcracks which form into macrocracks as they
accumulate [7,11]. These newly formed macrocracks expose new surfaces which slide on one another and
dominate the self-heating effect until failure [7,12].
1.2.3 Bone Cement
Bone cement is used as the force absorber and barrier between the replacement metal hip and the
interior of the bone within which the hip resides [13]. Properties such as chemical resistance, scratch
resistance, and most importantly impact resistance aid in making the choice be bone cement for use in
this application. The socket, as shown in Figure 2 after years of cyclic loading starts to break down in such
a way that small particles break off from the socket and cause inflammation. The inflammation is caused
by the particles being treated as foreign invaders by the body which in turn causes it to attack itself [14].
After that cracking begins to take place in the socket. Once sufficient cracking has occurred in the socket
and despite the metal hip itself still being useable, these cracks necessitate replacement. In a study done
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by Orr et al. [2] posthumous bone cement specimens ranging from 2 weeks to 17 years from time of
insertion were examined and 100% of samples older than 3 years exhibited cracking. This study will help
provide insight into self-heating phenomena and whether self-heating plays a role in the breakdown of
the material.

Figure 2: Result of Full Hip Replacement
Forming bone cement begins with methyl methacrylate in a powder form stored either at freezing or room
temperature and being mixed with a binding agent to make a paste. The binding agent, depending on the
manufacturer, may contain different weights of two specific ingredients. These ingredients may be
omitted altogether such as anti-inflammatory medicine and/or radiopaque material which allows for
highlighting of the bone cement in x-rays. The radiopaque material does not have an effect on the
structural integrity of the bone cement, but the medicine can if more than 2 g is contained in a 40 g packet
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of MMA powder [13]. Once the MMA and the binding agent are mixed for a pre-determined amount of
time they are left to set in a mold in the desired shape.
Bone cement was considered as the evaluative ideal however due to the complex nature of preparation
[13] it was deemed best to go with a chemically similar but more robust substitute to run experiments.
Manufacturing bone cement is a complex process that changes procedures depending on the
manufacturer. If exact conditions are not met each time, variances in porosity and consequently
structural rigidity can occur. These include, but are not limited to, timing of mixing, timing of curing, and
powder temperature before use. A professionally manufactured substitute (that is also PMMA) that
would allow for highly repeatable experiments was deemed preferrable for the purpose of removing
variability in experimentation [15].
1.2.4 Motivation
The analysis of self-heating is important to engineers because understanding self-heating allows for
understanding of phenomenon in a multitude of areas, including, polymeric structural failure [12], joint
replacement [13], and aerospace applications [11], with potential in the automotive realm as well [4].
There are hundreds of auto parts in cars around the globe (286.9 million cars in the US alone in 2020)
which are exposed to vibrations that could cause damage in a manner relevant to this study [16].
Relating to prosthetics, bone cement acts as a barrier between the implant itself and the patient. In terms
of gross application this is relevant to over 1 million new patients of joint replacement the US annually,
with that number expected to increase to 4 million annually by 2030 [17]. Bone cement in hips experience
up to 13 times the body’s weight in forces while jumping, [18] which is significant number considering the
average US male weighed 197 lbs in 2018 [19]. The bone cement, through movement of the body, is
cyclically loaded and the magnitude of self-heating and degradation of bone cement is unknown. In severe
cases, bone cement is known to fragment and cause inflammatory activity in the localized area [13].
6

This aim of this study is to examine the properties of commercial PMMA samples to determine the
magnitude of self-heating of PMMA/bone cement. This would be used to determine if bone cement usage
in the human body is a concern that should be examined further. Also, with data gathered a model can
be made to predict self-heating material in not just PMMA but other materials as well.
2. Methods and Materials
2.1 Creep Frames
2 Satec Model Cs are shown in Figure 3 and were the machines used for all creep experiments. The first
step of this study was to bring the creep frames into operational condition. As such work was completed
to restore the machines to proper working order. First a description of the creep frames and their
operation.

Figure 3: Satec Model C Creep Frames
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The Satec Model C is a constant stress creep frame operating via load, in the form of free weights, applied
to a free-hanging chain with platform on the back of the machine Figure 4a. It also has the capability to
heat samples up to 1200oC in the form of a Thermocraft oven Figure 4b. The current creep frame setup
operates on a 1:19.3 load ratio (i.e., 44.5N on the free-hanging chain is 858.5N of load on the specimen).
This ratio of 1:19.3 is adjustable and is controlled via the immediate position of a rectangular steel bar
located in the top of the frame. The position of the bar is controllable by a long screw going through the
middle of the bar Figure 4c. The creep frame can keep a constant stress on the specimen with the use of
the platform that raises and lowers automatically, from here forth defined as the elevator which goes up
to meet the free-hanging weights in order to keep constant stress on the sample being loaded.

A

B

C
B

Figure 4: a) Platform Holding 10lb weight, b) Thermocraft oven, c) Load ratio adjuster
Loading a sample result in electrical feedback signals emanating from the thermocouple, load cell Figure
5a, and linear variable differential transformer (LVDT) Figure 5b. After that they are translated into digital
feedback via a digital multimeter Figure 6 for the accompanying computer to interpret via a custom
software designated “Creep10” Figure 7. The thermocouple, via difference of resistance in two protruding
wires, allows for reliable temperature measurement. The load cell measures the amount of load acting on
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the specimen with a limit of up to 2224N. Finally, the LVDT follows the specimen as it extends and allows
for precise reporting of that distance.

C

B
A

Figure 5: a) Load Cell b) LVDT c) Wiring

Figure 6: Digital multimeter
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Figure 7: Creep10 Software
The creep software was written by previous Clemson graduate students in the Materials Science and
Engineering Department for the purpose of running creep experiments in conjunction with these very
machines. The oven is not sealed so two halves of a ceramic disc were placed at the top of the oven. This
reduces the heat that is lost during the winter months where ambient temperature is below 10 oC
preventing unintended changes in the temperature within the furnace during the experiments. The
computer takes data from the LVDT to interpret the reduced area and then using feedback from the load
cell raises the elevator via a dc-stepper-motor and gear-reducer combination Figure 8a. This then connects
via chain to the elevator rod Figure 8b which uses a pinned journal that goes up and down the threaded
elevator rod as needed.
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B

A

Figure 8: a) Gear-reducer, b) Elevator rod
2.2 Modifications to the Experimental Setup
The creep frames were originally designed for cylindrical specimens. This was incompatible with the
samples in this study were which were designed based on ASTM D638 Type I dog bones Figure 9, which
are flat. To accommodate the new sample geometry a clamp-style set of grips were designed and
manufactured from 304 Stainless Steel. These custom grips screwed into the rods at the front of the creep
frame that connects the top to the bottom. Then via thumbscrews the piece was clamped down in place.

11

Figure 9: Dogbone Specimen Dimensions

To properly measure the displacement for the flat samples, the LVDT configuration had to be altered. The
LVDT rests in a cage with two platforms one platform allowed the LVDT to be mounted in via threads and
the other pressed down onto the LVDT as displacement of the sample occurs. The displacement follows
the sample to the grip via thumbscrews that are wedged in pre-made notches in the
cylindrical sample. To make the LVDT compatible with flat specimens a second set of grips Figure 10 was
manufactured from steel. These grips clamped onto the dogbone just past the main grips and well outside
of the gage material.

12

B

A

Figure 10: A) Main grips for dogbone B) Secondary LVDT grips

The oven for the creep frame needed repair as it was inoperable in its current state. The ovens are clamshell style and heat samples via convection through use of coils heated by the Joule effect. To fix this,
heating coils were swapped out with new units until the oven was able to hold a steady state temperature
that did not deviate by more than ±3 °C. Since the samples were polymeric, thermocouples were not able
to be welded to them. Instead type K thermocouples were inserted through the wall of the oven into the
middle of the heating zone of the oven.
2.3 Digital Image Correlation
Digital image correlation (DIC) is the technique of touchless displacement measurement and strain
calculation using optical imagery. Measurements of displacement are calculated from a series of images
in which a sample of any kind will have speckles that the software can track as the sample is deformed
[10]. Starting with the specimen a black and white pattern of speckled paint is applied in a fashion that
accounts for size of speckle, randomness of pattern, and contrast between black and white. These
features are important for the purpose of reducing noise in the image [20]. A camera is setup to view the
13

specimen using an appropriate lens with ample high-power light to aid in contrast and traceability on the
field of interest. The first image is the reference image that all following images are compared by and thus
(for the purposes of our experiment) should be completely unloaded for best results. There is also the
option to perform incremental correlations which individually use the previous image as the reference
instead of the unloaded first image. The downside to this method is however that any error in correlation
made in the beginning of the process is compounded [20]. DIC is entirely hardware dependent when
considering magnification, length, and time scale. Higher capture frequencies for example will produce
more data throughout deformation.
In this study, Correlated Solution’s VIC-2D was used to correlate the images and to measure the
displacement fields and calculate the corresponding strain fields. The software does this by breaking the
speckle pattern into subsets and tracking them as the specimen is deformed.

2.4 Experimental Procedure
Three sets of experiments were run. The first were creep experiments with the creep frames at Ravenel
Laboratory, introduced in Section 2.1. These were completed to gather data used to develop a model for
heat generation that will be discussed later in Section 4. For the second set of experiments, fatigue tests
were run on an Instron machine at varying frequencies on Clemson’s CU-ICAR campus to gather thermal
and DIC data to determine the relationship between them. The third set of experiments involved taking
the dog bones and re-running the 2nd test with 2.78mm holes drilled into the center. This was useful in
defining the role stress concentrations had to play on the specimen.
To reduce the influence of stochastic porosity, commercially available flat Optix acrylic sheets of PMMA
were obtained from manufacturer Plaskolite and used as the model material. These sheets are made of
unfilled PMMA (like bone cement) and were manufactured through extrusion [21]. The sheets were CNC
14

milled into dog bones based on ASTM standard D638 Type I. The large gage section allowed for the
measurement of strains via DIC and the self-heating phenomenon with thermography.
For the creep experiments the dog bones were attached to the Satec Model C creep frames using the
custom grips discussed in Section 2.2 with the Thermocraft furnace then being closed around it for
maximum heat retention. The creep experiments were performed at temperatures of 29 °C (ambient), 38
°C, and 49 °C for 24 hours while under load. This was accomplished with no test deviating more than ±2°C
from the set point. The ambient experiments were performed at stresses of 17.2 MPa, 28.6 MPa, and 32.9
MPa. The 38 °C were only performed at 28.6 MPa and for the tests done at 49 °C, the stress was reduced
from 28.6 MPa to 25.1 MPa. This reduction in stress was to account for reduction in strength of the PMMA
at elevated temperatures and to prevent premature failure
For the fatigue portion of the study, as stated earlier, the same dog bones were placed in the hydraulic
wedge grips of a servohydraulic Instron Model 8801 Figure 11. Fatigue experiments were conducted at
frequencies of 2 Hz, 5Hz, 7 Hz, 10 Hz, 15 Hz, and 20 Hz. At least two dog bones were run for each frequency
tested. The 2nd portion of the fatigue study consisted of taking the same specimens and drilling a 2.78mm
hole in the middle of the specimen. Three samples were done in this manner all at 10Hz for the same
10,000 cycles. The force however was reduced to 71.4% of the original to account for the reduction in
area lost when the specimen was drilled to keep the same magnitude of stress.
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Figure 11: Instron 8801
During the fatigue experiments, strain data was gathered via DIC with accompanying infrared
thermography. To capture the specimens’ strain data via DIC, a black layer of paint was sprayed onto the
specimen before the white speckles. This would allow maximum contrast considering that the samples
are transparent otherwise. All images were taken with the use of two cameras, one on each side of the
Instron. For thermography a Flir A40 camera with built-in lens as shown in Figure 12a to capture the unspeckled side of the specimen. Images were captured at 12.5 Hz and were then processed with FLIR’s
Thermal Studio software using a protocol that allowed for breaking up of the heat into each pixel and then
being placed into a matrix for further examination. A resolution of approximately 75x22 (some samples
were captured with more, some with less) pixels for a 25.4mm x 12.7mm view was available for each
sample. This allowed for more than 1500 thermal data points on a 12.7 mm by 25.4 mm area of interest.
DIC imagery was captured on the opposite side using a FLIR camera attached to a Tokina AT-X lens as
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shown in Figure 12b. The camera was flanked by two lights to provide contrast of the speckle pattern for
the DIC.

B

A

Figure 12: a) View from Flir camera at dog bone b) View from DIC camera

3. Results
3.1 Creep Results
Eleven creep experiments were performed for 24 hours to characterize the creep behavior of the PMMA
and assist in calibration of the self-heating model. The creep behavior is shown in Figure 13. The results
indicated an evident difference between force and temperature dependence. A 30% increase in
temperature from 29 oC to 38 oC resulted in a 40% increase in elongation. In comparison, a 14% increase
in stress from 28.6 MPa to 32.9 MPa on the specimen at 29 oC resulted in a 146% increase in elongation.
An increase in both test conditions resulted in increasing elongation, however, the increased stress caused
significantly greater extension.
At ambient temperatures, stresses of 17.2, 28.6, and 32.9 MPa were applied to the specimens. Between
17.2 and 28.6 MPa (tests A4 and A3 respectively in Table 1), a 66% increase in stress resulted in a 224%
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increase in the overall strain. A subsequent 15% increase in stress from 28.6 to 32.9 (tests A3 to A6
respectively) resulted in another 130% increase in the strain.
For elevated temperatures, specifically an increase of 30% from 29 to 38 oC resulted in a 36% increase in
strain from 0.0266 to 0.0362. A subsequent 29% increase in temperature to 49 oC and 13% decrease in
stress from 28.6 MPa to 25.1 MPa results in only a 9% increase in strain to 0.0396. These results for
elevated temperature and stress reinforce the previous observation that stress is the key factor for
elongation of a tensile-loaded specimen at ambient or raised temperatures. The elevated temperature
creep experiment resulted in elongations of the specimens ranging from 0.29-2.29 mm, shown in Table 1.

Figure 13: – Creep response of extruded PMMA at varying temperatures and stresses.

Table 1: Experimental Creep Results

_________________________________________________________________________________
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Test

Temp (oC)

Stress (MPa)

Extension after 24 hours
(mm)

_________________________________________________________________________________
A1
29
28.4
0.93
A2
29
28.2
1.01
A3
29
28.6
0.96
A4
29
16.5
0.29
A5
29
16.4
0.33
A6
29
31.9
2.21
A7
29
32.4
2.29
B1
38
26.6
1.3
B2
38
28.4
1.17
C1
49
25.1
1.49
C2
49
25.1
1.43

3.2 Fatigue Results
A total of 16 fatigue experiments were run on the Instron Model 8801 at CU-ICAR. Specimens were run in
a force-controlled tension-tension loading test with a load ratio of R = 0.05 for 10,000 cycles between 660
N and 32 N. The area of interest for all specimens was the center portion of the gauge section, 12.7 mm
wide and of 25.4 mm high, as shown using Flir’s Thermal Studio software in Figure 14.
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Figure 14: Area of interest with min and max temp markers
The results, shown in Figure 15, indicated variations in the maximum temperature achieved. 2 Hz was run
as a singular case and resulted in just a 0.75 oC rise in temperature. Two samples were run at 5 Hz and one
experienced self-heating of 2 oC and the second 3 oC. However, they both raised to roughly the same
temperature of 24.9 oC and 24.8 oC. Samples run at 7 Hz had a change of 0.7 oC between two experiments.
Both of which were done back-to-back with an ambient temperature difference of only 0.75 oC. The
assumption for the difference in this particular case is due to the stated difference in ambient
temperature. The samples run at 10 Hz had the biggest delta of ~2.5 oC between the three runs ranging
from +3.5 oC to +6 oC. The two 15 Hz experiments had a difference of only 1oC but this is likely due to a 1
oC

difference in ambient temperature. The 20 Hz samples had a 2 oC difference in temperature between

specimens and started at virtually the same exact ambient temperature (21.4 oC and 21.5 oC), which had
starting min and max temperature points in the specimen that did not differ by more than 0.29 oC, and
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ran back-to-back. One possible explanation for the difference in temperature between the same runs of
10 Hz and 20 Hz samples is the possibility of slight differences in specimens either due to the original
manufacturing process of the acrylic or the nature of the hand-made dog bone samples themselves. Not
every section of commercially available PMMA is guaranteed to have the same self-heating capabilities
across all samples. Further experiments at these frequencies would be required to determine the source
of the inconsistent self-heating behavior.

Figure 15: Average Temperature Rise per frequency
3.3 Holed Fatigue Results
The holed samples were more consistent with each other across the three runs compared to the nonholed samples, increasing in temperature by 19.1-23.1oC (4.0oC rise), 19.3-22.1oC (2.8oC rise) , and 19.522.1oC (2.6oC rise) respectively when run back to back. All holed samples were run at 10Hz and for 10,000
cycles. Figure 16 shows the specimen 45 seconds after test stoppage.
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Figure 16: Holed sample 45s after test stop
Results of DIC for the holed samples showed 𝜖𝑦𝑦 concentrations around the center hole as shown in Figure
17. The thermography relating to this is discussed further in the next chapter.

Figure 17: DIC of drilled 10Hz 10000 cycle sample at end of test
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4 Discussion
In the examination of the results a number of key findings were made and are listed as follows and then
discussed in more detail.
4.1 PMMA Self-heating characteristics
PMMA was found to exhibit self-heating characteristics with specimens increasing in temperature
anywhere from 1 oC to 6 oC with deltas of 2-3 oC between samples run at the same frequencies. While
PMMA did exhibit self-heating behavior, in the current study the sample geometry did not produce any
local concentrations of heat that would indicate the critical aspect of self-heating becoming the
dominating force in terms of stress increase. However, all experiments were halted after 10,000 cycles.
None of the samples tested in this study reached fracture, thus local strain and heat concentrations are
likely to be present before cracks form.
In order to ascertain whether the strain incurred on the fatigue samples results in concentrations of
thermal activity instantaneous averages were taken during the final minutes of a number of tests. These
were taken between top and bottom, left and right, and quarters of specimens. This revealed a maximum
difference of less than 0.5 oC across all specimens measured. The stages in the experiment where
temperature was taken were chosen specifically where strain was shown to be highest according to the
DIC. This was done with the thought that what appeared to be localized strain might result in localized
thermal activity.
4.2 Localized Heat and Strain
It appears that localized strain translates into localized heat profiles. For example, in a sample where,
according to the DIC, most of the strain activity occurs on the right half of the specimen, this does not
have major influence on the heating pattern. As shown in Figure 18a and 18b strain is mostly confined to
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one side of the specimen, specifically strain ranges from 0.0001 to -0.003𝜖 for the left half of the specimen
and 0.004 to -0.006𝜖 for the right side. In Figure 19 it appears that there is a relation in that, at first glance,
the heat tends towards the right. In fact, there is less than 0.5 oC between the average taken between the
left and right sides of the heat map. This means that there is no localized thermal activity but also there
is no pattern of thermal activity concerning one part of any specimen versus the other. This is despite the
fact that there appears to be strain concentrated on one side of the specimen.

Figure 18a: Strain confined to one side of the specimen
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Figure 18b: DIC of non-holed specimen

Figure 19: Heat Map of 15 Hz Sample at 9000 cycles
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4.3 Heating Profile
Another finding was the similarity in temperature heating profile per frequency. The pairs of samples run
at 10Hz and 20Hz while separated by a delta of ~2 oC do display similar heating profiles in terms of their
heat rate. In Figure 15 the pair of samples run at 10 Hz plateau towards the end and the pairs run at 20
Hz exhibit a max temperature two-thirds of the way through while dropping down a little towards the
end. The samples run at 7 Hz have perhaps the most unique profile. They follow the samples run at 20 Hz
by maxing out two-thirds of the way through the experiment but towards the end they drop off further.
This observation combined with all other specimens (save for one outlier) plateauing towards the end of
the test is noteworthy. Specifically, it appears that for a PMMA specimen with no stress concentrations
self-heating is not an issue. The hypothesis is that there is a level of strain hardening which results in
actually altering the specimen’s thermal capacity. This would most likely be due to the breaking of bonds
occurring during fatigue which would allow for greater heat dissipation [7]. The results indicated less strain
was induced per cycle as the experiment continued as shown for the sample run at 7 Hz in Figure 20. The
figure demonstrates the force-controlled nature of the test and resulting strain hardening of the
specimen. That is to say that for consecutive cycles at the same stress levels the specimen travels a smaller
distance the further the test goes on.
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Figure 20: Strain reducing per cycle
This is of course evidence of strain hardening. As mentioned in (1.2.2) there are two paths for an unfilled
polymer being subjected to cyclic loading. One leads to structural degradation and eventual failure
through domination of the self-heating effect [9]. The other, which appears to be the case here,
strengthens the polymer involved by allowing enough heat to be dissipated to not have a major effect.
Per the results from this study self-heating does not appear to be a direct cause of structural degradation
in hip replacement arthroplasty, the results suggest that the cyclic loading is making the bone cement
more brittle. This is shown via Figure 20 where there is a trend downwards in length traveled for same
force applied. As bone cement becomes brittle it increases the likelihood of chipping, which causes the
inflammation mentioned earlier. More brittle bone cement is also more likely to develop cracks. The
current study fatiguing PMMA specimens 10000 times at various frequencies did not reveal any significant
degradation of PMMA from self-heating. The relatively simple geometry of the ASTM-defined specimens
removed any factor that stress concentrations could take into account. The identification of self-heating,
which generally increased with cyclic frequency, indicates that in high vibratory or large loading
conditions, self-heating could cause a momentary spike which could encourage the formation of cracking.
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4.4 Stress Concentration
Another round of tests occurred after adding artificial stress concentrations in the specimens and
repeating the fatigue tests. During the holed fatigue tests, it was noted that the maximum temperature
rise of 4.0oC is actually less than the maximum temperature rise of the non-holed specimens. The
maximum amount of thermal activity is concentrated around the hole in the specimen, as shown in
Figure 21, rather than evenly across the middle of the sample as shown in Figure 19. The increased
stress and temperature increase around the hole indicates that self-heating is heavily stress dependent.
It is no surprise then that with the very low porosity acrylic didn’t heat up as much as was hoped when
exposed to stresses well under yield.

Figure 21: Heat map of sample mid-test
It may be suggested that not a high enough load was induced to cause runaway self-heating. While that
may be true it was thought best to stay under 50% of PMMA’s ultimate tensile strength (UTS). If for no
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other reason than to keep in mind the main customer for hip replacements. The average age of someone
undergoing a hip replacement is age 70, and at that age strenuous activities are not going to be likely, let
alone after major surgery [22]. There is also the matter of inherent stress concentrations when making
non-standardized bone cement shapes. In the previously mentioned experiments the best version of
PMMA was used, that is to say unfilled, extruded PMMA with the least number of leftover monomers
possible. In a surgical scenario it’s not uncommon for bone cement to be mixed by hand. In that scenario
the porosity, and in turn the inherent strength of the material is left up to chance depending on a number
of factors and also resulting in the most leftover monomers. These circumstances directly affect the
strength of the material.

5. Mathematical Model
Common methods used to predict the behavior of non-linear hereditary-type material deformation rely
on a general constitutive equation for uniaxial linear viscoelasticity. Some of these models require the use
of functions with many parameters. [23] These parameters necessarily require many experiments and
equations to solve. The method proposed by [24] utilizes integer order derivatives and Abel’s kernel to
greatly simplify the process.
Rabotnov’s [3] non-linear constitutive equation is used (1) as well as Abel’s kernel (2).

𝑡

𝐸𝜖 = 𝜎 + ∫0 𝐾(𝑡 − 𝜏)𝜎(𝜏)𝑑𝜏
𝐾(𝑡 − 𝜏) =

𝑘
(𝑡−𝜏)𝛼

|0<𝛼 <1

(1)
(2)

The integral in (1) is evaluated using Abel’s kernel (2) to find the curve of instantaneous deformation (3).
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𝑘

𝜑(𝜖) = 𝜎 (1 + (1−𝛼)(2−𝛼) 𝑡1−𝛼 )

(3)

This results in a function with parameters 𝑘 𝑎𝑛𝑑 𝛼, which require as little as three physical stress-strain
experiments with one material to fully define.
[24] showed that for predicting creep at points past the initial loading phase, Equation 3 becomes
Equation 4.
𝑘

𝜑(𝜖) = 𝜎 (1 + 1−𝛼 𝑡1−𝛼 )

(4)

It is possible to use other kernels to obtain constitutive equations that are also functions of few
parameters. [26] utilizes the fractional-exponential function as a kernel [25] to discuss optimal parameter
estimation for predicting material behavior.

A method was demonstrated in [23] to model temperature influence with the introduction of the
parameter 𝛾. The constitutive equation (5) takes into account temperature dependence of the test
material.
𝑘

𝜑(𝜖) = 𝜎 (1 + (1−𝛼)(2−𝛼) 𝑇 𝛾 𝑡1−𝛼 )

(5)

For the specific case of creep, [23] also shows that (5) becomes (6)
𝜑(𝜖) = 𝜎 [ 1 +

𝑘
273+𝑇 𝛾 1−𝛼
(
) 𝑡
]
1−𝛼
273

(6)

This new method requires performing two additional experiments. A MATLAB application that automates
the calculation process when given the raw experiment data was also created to quickly generate these
predictions.

5.1 Method
The instantaneous stress strain curve is created which represents the expected stress strain curve at
absolute zero or with an infinitely high strain rate, hence, the instantaneous curve.
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Three samples were tested to obtain stress strain curves at rates of 0.08 MPa/s, 0.8 MPa/s, and 8 MPa/s.
Points on each curve were selected at a single strain value in the plastic deformation range. The time
required to reach each point was also recorded
𝑝1 = (𝜖, 𝜎1 , 𝑡1 ) (0.08MPA/s)
𝑝2 = (𝜖, 𝜎2 , 𝑡2 ) (0.8MPA/s)
𝑝3 = (𝜖, 𝜎3 , 𝑡3 ) (8MPA/s)

The instantaneous curve equation should yield the same result no matter at which strain rate the initial
stress strain behavior was observed. The instantaneous stress equation is used at the three points from
the three curves and solved as a system of equations to find K and 𝛼.
𝑘

𝑘

𝜎1 (1 + (1−𝛼)(2−𝛼) 𝑡1 1−𝛼 ) = 𝜎2 (1 + (1−𝛼)(2−𝛼) 𝑡2 1−𝛼 )
{
𝑘
𝑘
𝜎1 (1 + (1−𝛼)(2−𝛼) 𝑡1 1−𝛼 ) = 𝜎3 (1 + (1−𝛼)(2−𝛼) 𝑡3 1−𝛼 )

(7)

The k and 𝛼 values can be found and averaged at many points along the curve, but the fit for creep is
better when the values are found at points where the material is undergoing tertiary creep.
Next, the instantaneous curve is built using k, 𝛼, and the data from only one of the previously measured
stress strain curves. The equation is solved for every row of stress-strain data and plotted. The
instantaneous curve displays larger stress values when compared to the original stress strain curve, as
would be expected at an infinite strain rate. 𝜅, 𝛼, 𝛾

With k and 𝛼 found, only the initial stress of a creep test is required to model creep behavior. Equation 8
is solved for a range of time where creep behavior is of interest. Suronova [24] et al shows the model fits
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well in 100 hour creep tests. The output of Equation 8, a stress value, is then found on the instantaneous
curve. The strain value on the instantaneous curve that corresponds to the output of Equation 8 is the
estimated strain corresponding to the time value used to find the output of Equation 8. The strain values
from the instantaneous curve can be plotted against the time input to Equation 8 in order to model creep
behavior. The model is only valid for creep at the same temperature as the initial three stress strain curves.
𝑘

𝜙(𝜖) = 𝜎[1 + 1−𝛼 (

273+𝑇 𝑜𝐶 𝛾 1−𝛼
) 𝑡
273

(8)

In a later paper, Suvorova et al [24]. proposed a similar method to predict creep at different temperatures.
The same instantaneous curve and 𝛼 are used. A new temperature dependency constant 𝛾 is found with
a new k. This requires two additional creep experiments at different temperatures. Different starting
stress values for the creep experiments may be used and may be denoted 𝜎𝐴 and 𝜎𝐵 . The time required
to reach the strain value and the temperature at which the tests were performed are denoted
𝑡𝐴, 𝑡𝐵 , 𝑇𝐴 , and 𝑇𝐵 for the creep tests A and B respectively.
The new k and 𝛾 values similarly need to be found over a range of strain values. A strain value for which
the new k and 𝛾 is to be calculated should be identified on the previously plotted instantaneous loading
curve. The stress value corresponding to this strain value is noted as 𝜎𝑥 . The following system of equations
should be solved to determine the new k and 𝛾 values.
273+𝑇𝐴 ℃ 𝛾 1−𝛼
) 𝑡𝐴
)
273
𝛾
𝑘
273+𝑇 ℃
( 273𝐵 ) 𝑡𝐵 1−𝛼 )
1−𝛼
𝑘

𝜎𝑥 = 𝜎𝐴 (1 + 1−𝛼 (

{
𝜎𝑥 = 𝜎𝐵 (1 +

(9)

To predict the behavior of materials at different temperatures, k and 𝛾 are plugged back into Equation 10
along with the temperature and the time at which the material behavior is of interest. The output of
equation 10 is again a stress value, as was the output of Equation 8. This stress value is then found on the

32

instantaneous curve and the corresponding strain value is identified. The theoretical creep curve can be
predicted by plotting this strain value for a range of input times.
𝑘

𝜙(𝜖) = 𝜎 [1 + 1−𝛼 (

273+𝑇 𝑜𝐶 𝛾 1−𝛼
]
) 𝑡
273

(10)

5.2 Results
Three stress strain curves were obtained using a tensile test machine incrementing strain at rates of 0.08,
0.8, and 8 MPa/s. The values for k and a were found to be 0.2286 and 0.8232 respectively when found
near strain values of 6%. The instantaneous curve was plotted against the original stress-strain data in
Figure 22.

Figure 22: Instantaneous stress strain against original data
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The earlier described process was used to predict the behavior of PMMA at room temperature.
Independently, a dogbone sample of PMMA was tested in creep with an initial stress of 28.2 MPa. The
results are plotted in Figure 23.

28.2 MPa Observed vs Calculated Strain at Ambient
Temperature
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Figure 23: PMMA creep at ambient temperature
Using the method from [24] , the k, 𝛼, and 𝛾 values were obtained from the creep data in Figure 23 at and
from the Figure 24 at 37.7oC. 𝛼 is again 0.8232, while k is 0.0926 and 𝛾 is found to be 8.33 using strain
values around 6% The calculated and observed strain at 37.7oC are presented in Figure 24.
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Figure 24: Calculated vs Observed strain of PMMA at 37.7oC
This method can be used quickly to model the behavior of PMMA, but the strain values from which the
parameters are solved need to be well chosen to avoid erroneous predictions. Strain values from
secondary or tertiary creep work better than strain values chosen from primary creep in PMMA. Overall,
as shown in Figures 23 and 24 the modelled and experimental creep results appear to be in agreement
with each other throughout the span of the test. There appears to be the exception of the last third of the
elevated temperature modeled curve not quite lining up. Nonetheless this shows that, PMMA, and with
future work, other viscoelastic materials, can have their creep behavior modeled with a high level of
accuracy.
6. Conclusion
The self-heating effect on the cyclic behavior of Poly(methyl methacrylate) has been studied through
creep experiments at various stresses and temperatures and fatigue experiments at frequencies of
ranging from 2 Hz to 20 Hz for 10,000 cycles. All experiments were conducted with ASTM D638 Type I dog
bone specimens with a supporting experiment of holed specimens, run at 10 Hz to examine the effects of
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stress concentrations. DIC and thermography analysis was conducted on the fatigue samples with selfheating being a common factor between both sets of experiments.
For the standard fatigue experiment results it was noted that specimens experienced a self-heating
increase in temp within a range of 1oC-6oC. Generally, DIC showed concentrations of activity in sections of
the specimen towards the end of each test however the maximum difference in temperature (taken at
the same time of higher DIC strain activity) across one side of the specimen to the other was no more than
0.5oC. Despite self-heating being prevalent in the specimens, strain hardening seemed to be the dominant
result across the board instead of expected strain softening. This reinforced the hypothesis that the
specimens had not reached the requisite level of structural degradation for the self-heating effect to start
dominating [9]. This is most likely due to two reasons, the first being the dog bone sample is inherently
free of stress concentrations at the macro as well as micro level. However, actual bone cement hip
replacements are not. In reference to Figure 2 there appear to be stress concentrations in areas that
would experience the maximum amount of compressive stress. The second reason is that bone cement
in the human body is undergoing much higher stresses than what was tested here. For the holed
specimens a much smaller range of self-heating was observed (2.6-4.0oC) however the majority of thermal
activity was witnessed directly on the outer edges of the drilled hole. This matched DIC strain activity in
the same area on the specimen at the same time. This shows that stress concentrations, which are much
more prevalent in medical bone cement, are the key factor in witnessing self-heating activity.
6.1 Future Work
6.1.1 Compression-Compression Fatigue Tests examined using Thermography and DIC analysis
To further study the self-heating behavior of PMMA in cyclic scenarios and garner a more complete
understanding of bone cement behavior in the human body more testing is needed. Specifically,
compression-compression fatigue testing of specimens at higher loads with and without stress
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concentrations. Samples for this experiment would be made from PMMA rods for reasons of stability
during compression. Most of the activity in the hips of the human body operate while under compression.
This is especially true for the average hip-replacement receiver who is on average 70 [22] and is not likely
to take part in anything more than walking as an activity.
6.1.2 Tension-Tension Fatigue tests to failure
Tension-tension testing to 10,000 cycles while staying under 50% yield is limiting in the results one can
examine. Tension-tension tests to failure at higher stresses should be conducted to understand the full
lifetime of the specimen. This will also give more accurate insight as to whether self-heating does indeed
have a role to play.
6.1.3 Medical Grade Bone-cement fatigue testing in Tension-tension and Compression-Compression.
It was reported by Saha et al. [15] that surgical bone cement has roughly half the ultimate tensile strength
(UTS) of commercial acrylic. That report however was made in 1984 and current literature does not appear
to have run an updated set of experiments. It would be beneficial, not only for our purposes of self-heating
but for the scientific community in general to have an updated side-by-side comparison of bone cement
vs acrylic examined from a single source. For our purposes even it would be of interest to examine how
bone cement has improved in the past few decades. Samples for this experiment would most likely be the
same ASTM D638 type I dog bone sample type but it be interesting to experiment with a cone shape if
possible as that is the actual shape of the bone cement as it forms in the femur.
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